Inhibition of transfer of four conjugative R plasmids by ciprofloxacin, enoxacin, norfloxacin, ofloxacin, and pipemidic acid was investigated in an Escherichia coli mating system. The absolute concentrations needed for inhibition of conjugation varied from 9.12 ,Lag/ld for ciprofloxacin to 16 ,ug/ml for pipemidic acid, but the relationship to the MICs for the parent strains was identical for all substrates. Concentrations for a 90% reduction of transconjugants were in the range of one to six times the MIC for the parent strains, which also had lethal effects on donors and recipients. A similar effect on conjugation was found with chloramphenicol. These observations question the specificity of transfer inhibition by quinolones and cast doubt on the clinical importance of such an effect. Nalidixic acid was the first 4-quinolone reported to inhibit conjugative transfer of plasmids (2, 5, 12, 20 These drugs inhibit DNA gyrase (11) and immediately stop DNA synthesis. Processes dependent on DNA replication such as conjugation (15) are likely to be inhibited by these compounds. However, in only a few reports (19, 20) have different quinolones been compared directly in a system with the same plasmids, host bacteria, and experimental conditions. Especially, the relationship between effective concentrations inhibiting plasmid transfer and the MICs for the parent strains has not been evaluated. We felt that this would give information about the specificity of transfer inhibition by quinolones.
Inhibition of transfer of four conjugative R plasmids by ciprofloxacin, enoxacin, norfloxacin, ofloxacin, and pipemidic acid was investigated in an Escherichia coli mating system. The absolute concentrations needed for inhibition of conjugation varied from 9.12 ,Lag/ld for ciprofloxacin to 16 ,ug/ml for pipemidic acid, but the relationship to the MICs for the parent strains was identical for all substrates. Concentrations for a 90% reduction of transconjugants were in the range of one to six times the MIC for the parent strains, which also had lethal effects on donors and recipients. A similar effect on conjugation was found with chloramphenicol. These observations question the specificity of transfer inhibition by quinolones and cast doubt on the clinical importance of such an effect.
Nalidixic acid was the first 4-quinolone reported to inhibit conjugative transfer of plasmids (2, 5, 12, 20) . Subsequently, oxolinic acid (17, 20) , pipemidic acid (18) , norfloxacin (14, 19) , enoxacin (S. A. Sonstein and J. B. Courtright, 4th Mediterr. Congr. Chemother. 1984, abstr. no. 705, p. 403), and ciprofloxacin (19) were found to inhibit plasmid transfer.
These drugs inhibit DNA gyrase (11) and immediately stop DNA synthesis. Processes dependent on DNA replication such as conjugation (15) are likely to be inhibited by these compounds. However, in only a few reports (19, 20) have different quinolones been compared directly in a system with the same plasmids, host bacteria, and experimental conditions. Especially, the relationship between effective concentrations inhibiting plasmid transfer and the MICs for the parent strains has not been evaluated. We felt that this would give information about the specificity of transfer inhibition by quinolones.
We included ofloxacin because it has not yet been tested for transfer inhibition. Together with ciprofloxacin it has higher antibacterial activity than related derivatives (27) .
Thus, these drugs might be expected to have a greater inhibitory effect on bacterial conjugation.
We report here the results of studies on the inhibition of conjugation of Escherichia coli by five quinolones. All compounds substantially reduced the appearance of transconjugants only at concentrations exceeding the MIC for the donor and recipient. The question of the specificity of transfer inhibition by quinolones is discussed. MIC determination. MICs were determined by the agar dilution method (24) .
MATERIALS AND METHODS
Inhibition of plasmid transfer. For mating experiments, the filter method described by Gill and Iyer (12) Iso-Sensitest agar. Incubation was at 37°C for 60 min. The filter was then removed, and the cells were suspended in ice-cold sterile saline, immediately diluted, and counterselected on china-blue lactose agar supplemented with 50 ,ug of rifampin per ml (for donor), 100 ,ug of streptomycin per ml (for recipient), or 100 jig of streptomycin per ml plus 10 ,ug of tetracycline per ml (for transconjugants). Transfer frequencies were calculated from number of transconjugants/number of donors. When quinolones were used, the Iso-Sensitegt agar contained the desired concentration. For presoaking, the filters were placed onto the agar surface 3 h before the cells were mixed. Quinolone concentrations used for testing inhibition of plasmid transfer were from the subinhibitory range (one-fourth and one-half the MIC) up to 2, 4, 8, or 16 times the MIC. Inhibition was expressed as percent transfer rate calculated from 100 x (transfer frequency in presence of drug/transfer frequency in absence of drug).
Kinetics of plasmid transfer. The mating procedure was as described above for inhibition of plasmid transfer except that samples were taken at 5, 15, 25, 40, and 60 min after the cells were mixed.
RESULTS
MICs for donor and recipient. The MICs for the parent strains of pipemidic acid, enoxacin, norfloxacin, ofloxacin, and ciprofloxacin were 4, 0.25, 0.12, 0.06, and 0.03 jig/ml, concerning the inhibition of transfer were thus stopped after 60 min. Table 2 gives the results of the effect of quinolones on plasmid transfer at inhibitory concentrations (four times the MIC for parent strains). Pipemidic acid, enoxacin, and norfloxacin mostly reduced transfer frequency to 10% of the control or less. Ofloxacin and ciprofloxacin did not have such a dramatic effect (reduction to 10 to 60% of the control).
A selective lethal effect on the parent strains could account for the low frequency of reduction by ofloxacin and ciprofloxacin. We therefore determined the number of CFU of all strains after matings over a range of concentrations. Figure 1 shows transfer inhibition of plasmid R386 by all five compounds at concentrations relative to the MIC for parent strains. The inhibition of conjugation of the other plasmids showed similar results (data not shown). Pipemidic acid, enoxacin, and norfloxacin reduced the number of transconjugants by about 2 orders of magnitude at concentrations from one to four times the MIC. The parent strains were only slightly affected by these drugs up to eight times the MIC. Ofloxacin and ciprofloxacin reduced transconjugants to the same extent as the other drugs but, in addition, had lethal effects on donor and recipient at concentrations higher than the MIC. A combined reduction of parent strains and transconjugants thus explains the low frequency of reduction by these two drugs as shown in Table 2 .
Relationship of transfer inhibition to MIC for parent strains. The quinolone concentrations needed for reducing the number of transconjugants to 10% of the control value (ID90) were determined from graphics as shown in Fig. 1 and are summarized in Table 3 . All quinolones had an ID90 of one to six times the MIC for the four plasmids tested, which indicates that the relative ability to inhibit plasmid transfer was similar for all drugs.
To see whether inhibition of plasmid transfer could be a nonspecific effect owing to a bacteriostatic or bactericidal effect of the quinolones, we determined inhibition of conjugation of plasmids R386 and RP1 with chloramphenicol and cefotaxime. We obtained transfer inhibition by chloramphenicol (ID90 of two times the MIC). Cefotaxime reduced the number of the parent strains at one to eight times the MIC but not the number of transconjugants, leading to an increase of the transfer frequency. This effect has been observed recently (3) .
Kinetics of matings. To examine the effect of quinolones over the time course of mating, we performed kinetics experiments. Figure 2 shows the kinetics of the mating of W3110(R386) with WA921 in the absence and presence of ciprofloxacin at inhibitory concentrations (four times the MIC). After an initial phase of 15 min in which both conjugations led to the same number of transconjugants, transfer was inhibited in the presence of ciprofloxacin. The number of transconjugants reached a plateau, whereas in the absence of drug it increased further. The number of recipient cells in the presence of ciprofloxacin was reduced, and donor cells were only slightly affected. This observation was in contrast to our original intention to avoid selective killing of one of the parent strains. It seems that identical MICs do not necessarily mean similar killing rates. Similar observations .25. 5 1 2 4 with E. coli strains were previously reported for ciprofloxacin (29) . Kinetics of transfer inhibition of the other plasmids were similar (data not shown).
DISCUSSION
We compared the inhibition of transfer of four R plasmids by several quinolones in an E. coli mating system. All quinolones had comparable effects in the reduction of the number of transconjugants. These findings are in agreement with previous observations that quinolones prevent the transfer of DNA from susceptible donor cells (2, 5, 12, 14, (17) (18) (19) (20) 23) .
However, our aim was to relate the concentrations needed for transfer inhibition to the MICs for donor and recipient. Our results indicate that (i) only concentrations exceeding the MICs for the parents led to a substantial decrease of transconjugants, and (ii) the relative potency to inhibit plasmid transfer was similar for all compounds tested.
Furthermore, we could show that chloramphenicol, a completely different antibiotic inhibiting protein synthesis, had equal effects in this concentration range. This observation is in agreement with previous reports about transfer inhibition of R64-11 by rifampin and chloramphenicol which led to the conclusion that both RNA and protein synthesis are required before an R factor can be transferred (9) .
Recently, the inhibition of plasmid transfer by coumarines, antagonists of subunit B of DNA gyrase, has been reported (D. C. Hooper, J. S. Wolfson, C. Tung, K. Souza, and M. N. Swarz, Program Abstr. 25th Intersci. Conf. Antimicrob. Agents Chemother., abstr. no. 477, 1985) . It seems that transfer inhibition is not a unique effect of quinolones but can be achieved by several antibiotics with a bacteriostatic or bactericidal effect.
Earlier studies with nalidixic acid (4, 10) have supported the hypothesis that DNA synthesis in the donor functions as the driving force for the transfer of DNA to the recipient (15) . It is likely that quinolones inhibit plasmid replication as well as chromosome replication owing to antagonism of subunit A of DNA gyrase (22) . The inhibition of DNA synthesis would then be the reason for the observed reduction of plasmid transfer.
However, there are observations (16, 21) that F'-mediated chromosome transfer may in some circumstances occur in the absence of DNA synthesis, although it is not clear whether these results can be adopted to plasmid transfer. The effect of quinolones on conjugation may thus not necessarily result from the inhibition of DNA synthesis.
Together with previous experiments (25) we could show that elimination of plasmids and transfer inhibition in vitro only occur in a concentration range at or above the MIC for the parent strains. In vivo, conjugation is a rare event and takes longer than 60 min as in our artificial system (1, 26) . We therefore suggest that in vivo the lethal effect of the quinolones is predominant over any possible plasmid elimination or transfer inhibition. We conclude that quinolones are not anti-R-plasmid agents (18) 
